Purpose: Virtual reality (VR)-based treatment has been introduced as a potential option for amblyopia management, presumably without involving the problems of occlusion and penalization, including variable and unsatisfactory outcomes, long duration of treatment, poor compliance, psychological impact, and complications. However, VR-based treatment is costly and not accessible for most children. This paper introduces a method that encompasses the advantages of VR-based treatment at a lower cost. Methods: The presented system consists of a pair of glasses with two color filters and software for use on a personal computer. The software is designed such that some active graphic components can only be seen by the amblyopic eye and are filtered out for the other eye. Some components would be seen by both to encourage fusion. The result is that the patient must use both eyes, and specifically the amblyopic eye, to play the games. Results: A prototype of the system, the ABG InSight, was found capable of successfully filtering out elements of a certain color and therefore, could prove to be a viable alternative to VR-based treatment for amblyopia.
Introduction
As the development of virtual reality (VR)-based treatment systems such as the Interactive Binocular Treatment (I-BiT™) system presented by Eastgate et al 1 and the Viston-VR™ system presented by Qiu et al 2 have demonstrated, the advent of VR technology has been introduced as a promising solution for the management of amblyopia. Preliminary findings imply that VR-based treatment could be effective 3 and does not involve many of the numerous problems confronted in the conventional approach of occlusion or penalization.
Conventional occlusion therapy, by patching the dominant eye to encourage stimulation of the amblyopic eye, is traditionally the mainstay treatment for amblyopia.
atropine as a medication has its side effects, ranging from the common and benign experience of light sensitivity, 7, 10, 11 to a large variety of less common but more serious symptoms. 4 Although rare, 7, 12 there have also been reports of reverse amblyopia, 13, 14 a complication in which the unaffected penalized eye becomes amblyopic due to inhibition.
VR-based treatment overcomes many of these problems. VR-based treatment is interactive and adjustable for age and therefore it is enjoyable for the patients and results in excellent patient compliance. 1 It does not entail the stigmatization of patching or side effects of atropine, and has no risk of reverse amblyopia, since the healthy eye is not occluded or rendered inactive and is not deprived of stimuli. VR-based treatment is said to be successful in preliminary reports. 3 In addition, while occlusion and penalization can potentially disrupt fusion, VR-based therapy encourages fusion and is expected to enhance binocular vision.
On the other hand, VR-based treatment requires expensive elaborate equipment. It would be costly to implement on a large scale, and it would not be accessible or convenient for most children.
The current paper attempts to introduce a method that could encompass the advantages of VR-based treatment, at a much lower cost. The introduced system can produce an effect similar to the underlying concept of VR-based treatment, using simple technology and obviating the need for complex equipment. The software of this system could be installed on a personal computer at home, and conveniently operated along with a pair of special glasses.
Material and methods
The essence of VR-based treatment consists of feeding the two eyes two different but related images. Instead of having the two images differ slightly in perspective, as would be intended for three-dimensional (3-D) viewing, the two images would overlap and create a single image, however some elements would be missing for each eye. In particular, there would necessarily be main active elements that would be presented to the amblyopic eye but not to the non-amblyopic eye. Thus, the amblyopic eye would need to play an active role in binocular vision in order to see the complete image, whether it be a video or a game.
VR, however, is not the only method that can be used to feed two different images to the two eyes. Long before the very concept of feeding a different image to each eye was adopted for the treatment of amblyopia, it had been used to create 3-D images and movies. An older technique for creating 3-D experiences was the anaglyphic method. In this method, two images created from a slightly differing point of view were presented in two distinct colors. The viewer would wear a pair of 3-D glasses consisting of two color filters, each to filter one of the images. Therefore, each eye would only see one of the images. This is the exact mechanism used in the current system. The system consists of a software package and a pair of glasses made of two color filters. The software is designed to be engaging and interactive, but in a manner that at least some of the main active moving components can only be seen by the amblyopic eye and are filtered out for the other eye. This is achieved by simply arranging these elements (and the corresponding backgrounds they cover) to appear in the same colors that the filters allow entry for. Some components, especially the nonmobile or background elements, would be seen by both eyes to encourage fusion. The result is, the patient must use both eyes, and specifically the amblyopic eye, to play the games (Figure 1) .
The glasses consisted of two blue (Wratten #47) and orange (Wratten #21) generic photographic filters. The filters 
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An anaglyphic system for amblyopia were mounted on a frame that adequately covered the field of vision.
Software of the prototype model consisted of simple modified open source Flash (Adobe, San Jose, CA) games. The games used included the open source Flash games of Ping, Xtreme Climber, Snake, and Pacman.
The backgrounds of all games were changed to white, and main elements were changed to the filtered colors. The colors for two different hexadecimal codes were successfully filtered out by each lens. Codes #99FFFF and #CCFFFF were filtered by the blue lens and #FFFF33 and #FFFF99 were filtered by the orange lens. This enabled us to create images with three shades (two shades of color and white), which could be filtered out for one eye.
Results
A laboratory prototype of the proposed system, the ABG InSight (v1.2 β), was designed. The system was used on nine monitors, with different manufacturers and models, and complete filtering was confirmed by twelve people without a history of any ophthalmologic or neurological problems. A simple calibration module could be added to the software later to guarantee consistency in filtering elements, or for the time being the monitors could be adjusted by any person without color vision deficits, to ensure correct filtering.
The glasses consisted of two generic photographic filters, which were for the purpose of this study, blue and orange, but other color pairs, such as the traditional 3-D red-cyan or amber-pure dark blue (used in ColorCode 3-D) 15 would presumably be equally functional.
The prototype system was capable of successfully filtering out elements of a certain color and therefore, was found to be a potential alternative to VR for amblyopia management.
Discussion
As mentioned, the computer-based anaglyphic system provides most of the advantages of the VR-based treatment, in addition to reduced cost and high availability.
The open source initiative allows for the modification, and in most cases, distribution, of a variety of software packages, free of charge and licensing. This creates the opportunity for researchers to gain access to libraries of software, and from the many available programs, select and use those that may suit their purpose. In this case, applying a few simple changes in the code of a game, such as changing the color of the elements, could make it completely compatible with the proposed system. For this means, many of the available games can be used, taking into consideration only the appropriateness of the game for the target age group, and complexity of the graphic interface. The license of some open source games does not allow them to be modified for commercial use. This should be taken into consideration, the license respected, and no financial gain received from such games.
One of the limitations for such a system would be the main limitation of all anaglyphic systems: the limited use of color. Games that include color as a main theme or include color-based elements, as well as games and media with complex graphics, would be slightly restricted. Although anaglyphs can reproduce color images and to a point, color distinction and clarity, the scope of options is limited. For example, the main moving elements, as well as other components which are selected for filtering, along with the corresponding backgrounds they cover, must be invariably monochrome. For this reason, the background and main elements can only consist of white and various shades of the filtered color. In most cases, between the darkest shade of the filtered color and white, only one distinctively visible shade will be practical for use. This limits the colors for use in the main elements and backgrounds to three colors; white and the two shades of the filtered color. Aside from this issue the use of various points of view, perspectives, and movements remain unrestricted.
A minor advantage for some VR-based systems would be that they can be made to adjust for angles of strabismus, which means they can be used for untreated strabismic amblyopes and adjusted as such to provide binocular vision and fusion without requiring satisfactory alignment. Since the anaglyphic system uses a single display, its use is limited to amblyopic patients for whom the underlying condition, usually strabismus or anisometropia, has been resolved, at least to some extent, by corrective glasses or other means.
A minor advantage of the anaglyphic system is that the fusion promoted for seeing the images in this system, is similar to the fusion required in the actual world, because both eyes are watching the same interface. VR-based systems may not represent the actual angles, distances, or proportions seen in the natural surroundings. This is why prolonged work with VR systems has been associated with vomiting, sweating, headaches, and drowsiness. 16 The anaglyphic system has much potential to become a large-scale open source research project. Various open source applications could be modified by volunteers to enrich the library of software used in the project, and researchers throughout the world could use standard filters to create the glasses, and download the software free of charge.
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Rastegarpour A major concern is the actual effectiveness of the VR-based systems. Although the anaglyphic system could potentially serve as an alternative to VR-based systems by accomplishing the same objectives, the evidence supporting VR-based systems as a therapeutic intervention is limited, and the only available studies including clinical data in this regard are two case series reporting the short-term outcomes in six and twelve patients, respectively. 3, 17 Computer-based active vision therapy has received much attention for amblyopia and one of the recent publications by Hess et al, 18 demonstrating success for active vision therapy in three amblyopic patients. However, there is still not much evidence in the literature to support most modalities. Nonetheless, introducing the anaglyphic system provides an excellent opportunity to investigate the role of computer-based therapy in the management of amblyopia, by enabling researchers worldwide to evaluate its effectiveness without the need for expensive or exclusive equipment, and therefore allowing interested researchers to continue from where the previous studies were left.
Conclusion
The current lack of clinical data for the amblyopic system is a major drawback of this introductory paper. However, it has not been claimed that the anaglyphic method is an effective treatment for amblyopia, but rather that the system could logically be a suitable alternative to the VR systems. The cost of anaglyphic systems is much lower, therefore they may be a more viable option for research and maybe ultimately, treatment. The evidence for VR-based systems could be intriguing enough for researchers to test an anaglyphic system that functions similarly, with better availability and lower costs.
Future clinical trials performed on VR-based treatment systems can document the effectiveness of the underlying concept, on which the current system was designed. In addition, clinical trials and case series performed with the anaglyphic system itself will determine its true effectiveness and implications.
In conclusion, the anaglyphic system maintains most advantages of the VR-based systems, but is less costly and more accessible. The system logically fulfills what the VR-based system was designed to achieve and therefore, warrants further investigation.
